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Fruits and vegetables are major vehicles for transmission of food-borne enteric viruses since they are easily
contaminated at pre- and postharvest stages and they undergo little or no processing. However, commonly used
sanitizers are relatively ineffective for removing human norovirus surrogates from fresh produce. In this study,
we systematically evaluated the effectiveness of surfactants on removal of a human norovirus surrogate, murine
norovirus 1 (MNV-1), from fresh produce. We showed that a panel of surfactants, including sodium dodecyl
sulfate (SDS), Nonidet P-40 (NP-40), Triton X-100, and polysorbates, significantly enhanced the removal of
viruses from fresh fruits and vegetables. While tap water alone and chlorine solution (200 ppm) gave only
<1.2-log reductions in virus titer in all fresh produce, a solution containing 50 ppm of surfactant was able to
achieve a 3-log reduction in virus titer in strawberries and an approximately 2-log reduction in virus titer in
lettuce, cabbage, and raspberries. Moreover, a reduction of approximately 3 logs was observed in all the tested
fresh produce after sanitization with a solution containing a combination of 50 ppm of each surfactant and 200
ppm of chlorine. Taken together, our results demonstrate that the combination of a surfactant with a
commonly used sanitizer enhanced the efficiency in removing viruses from fresh produce by approximately 100
times. Since SDS is an FDA-approved food additive and polysorbates are recognized by the FDA as GRAS
(generally recognized as safe) products, implementation of this novel sanitization strategy would be a feasible
approach for efficient reduction of the virus load in fresh produce.

Viruses cause more than 67% of all food-borne illnesses
worldwide (21, 29, 36). Human norovirus is a major enteric
food-borne virus that is a significant problem in foods due to its
small infectious dose (�10 particles) and its high stability in
the environment (20, 43, 47). It is estimated that at least 90%
of acute nonbacterial gastroenteritis outbreaks can be attrib-
uted to norovirus infection, but this number may even be
underestimated due to the large number of unreported infec-
tions and the lack of methods for rapid detection of the virus
(17, 21, 29, 47). According to a recent report from the Centers
for Disease Control and Prevention, approximately 48 million
people suffer from norovirus-induced gastroenteritis each year
in the United States, there are 128,000 hospitalizations, and
3,000 people die from norovirus each year (12). Outbreaks of
human norovirus are common in any environment where peo-
ple are in close contact, such as cruise ships, restaurants, ho-
tels, schools, the military, nursing homes, and hospitals (1, 17,
21, 26, 36, 47). Transmission of norovirus is primarily by the
fecal-oral route, either by person-to-person spread or by inges-
tion of contaminated food or water (13, 21, 27, 39, 42). The
primary symptoms of human norovirus infection include
diarrhea, vomiting, fever, chills, and extreme dehydration. It
has been a challenge to work with human norovirus since it

does not propagate in cell culture and there is no suitable
animal model for the virus (19, 53). For this reason, studies
of human norovirus must rely on surrogates such as murine
norovirus 1 (MNV-1) or feline calicivirus (FCV) (2, 7, 11,
53). Because of these challenges, human norovirus and
other caliciviruses are classified as category B priority bio-
defense agents according to the National Institute of Allergy
and Infectious Diseases (NIAID).

Fresh produce is at a high risk for contamination by noro-
virus because it normally undergoes little or no processing and
can be contaminated at any step from preharvest to posthar-
vest. According to recent outbreak data, fruits and vegetables
are major vehicles in the transmission of food-borne illness (8,
9, 18, 24, 34). It has been reported that norovirus accounted for
more than 40% of outbreaks in fresh produce from 1998 to
2005 in the United States (18). These outbreaks of norovirus
have occurred in lettuce, tomatoes, melons, strawberries, rasp-
berries, fresh cut fruits, and other vegetables (10, 18, 24, 34, 40,
51). One major route with a high probability of contamination
is the use of contaminated water for irrigation or washing.
Contamination may also be caused by infected workers han-
dling the food during harvesting, processing, or distribution
(10, 16, 18, 24, 34). With an increasing number of people
striving to eat healthier by increasing their consumption of
fruits and vegetables, this has become a major public health
concern (4, 5, 18, 24, 44, 45). However, while numerous studies
of bacterial contamination of fresh produce to have been re-
ported date, knowledge about viral contamination of fresh
produce remains limited.

In current industry, fresh produce usually undergoes a brief
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sanitization step after harvest from the field. Unfortunately,
current commonly used sanitizers are relatively not effective in
removing viral contaminants from fresh produce (2, 3, 5, 15,
22). The most common sanitizer, a solution containing 200
ppm of chlorine, typically only gives a �1.2-log virus reduction
in fresh produce (3, 4, 18, 22, 43). Recently, Baert et al. (2009)
found that tap water washing only gave an average reduction of
0.94 logs in shredded lettuce, while the addition of 200 ppm of
sodium hypochlorite only led to an additional 0.48 logs, and
the addition of 80 ppm of peroxyacetic acid brought about a
reduction of only 0.77 additional logs (3). Therefore, there is
an urgent need to develop a more effective sanitizer for re-
moval of noroviruses from fresh produce.

Surfactants are surface-active compounds that can reduce
the surface tension of a liquid. The addition of surfactants in a
washing procedure will make the liquid spread more easily and
lower the interfacial tension between the two liquids or be-
tween a liquid and a solid. In addition, they may act as deter-
gents, wetting agents, emulsifiers, foaming agents, and disper-
sants (6, 37). Surfactants contain both a hydrophilic group and
a hydrophobic group, which interact with the substance they
are mixed with in order to alter the surface properties of the
water either at the water-and-air interface or at the water-and-
solid interface (6, 37). Because of these properties, surfactants
allow the release of tightly bound contaminations such as food-
borne pathogens from the surface, which leads us to hypothe-
size that surfactants may enhance the removal of food-borne
pathogens from fresh produce. Out of numerous ionic (anionic
or cationic) and nonionic surfactants, we chose sodium dodecyl
sulfate (SDS), polysorbates (such as Tween 20, Tween 65, and
Tween 80), Triton X-100, and NP-40 for the following reasons:
(i) SDS is an anionic surfactant and an FDA-approved food
additive (FDA 21 CFR 172.822), (ii) polysorbates are a class of
nonionic surfactants and GRAS (generally recognized as safe)
substances recognized by the FDA (21 CFR 172.840, 172.836,
and 172.838), and (iii) Triton X-100 and NP-40 are two other
widely used nonionic surfactants that may have similar effects
in enhancing sanitization, although there is no record as to the
safety of these two surfactants in the FDA Code of Federal
Regulations to date.

Here, we report a systematic evaluation of the effectiveness
of surfactants in removal of viruses from fresh produce, using
murine norovirus 1 (MNV-1) as a surrogate. We found that
surfactants alone or a combination of surfactants (at low con-
centrations) with chlorine solution significantly enhanced the
removal of MNV-1 from fresh produce. Using this strategy,
�3-log reductions in virus titer were achieved in either fruits
(strawberries and raspberries) or leafy greens (cabbage and
lettuce). These results strongly support the idea that the com-
bination of a surfactant and chlorine solution is a novel and
feasible approach for enhancing the safety of fresh produce.

MATERIALS AND METHODS

Cell culture and virus stock. Murine norovirus strain MNV-1 was a generous
gift from Herbert W. Virgin IV, Washington University School of Medicine (28).
MNV-1 was propagated in murine macrophage cell line RAW 264.7 (ATCC,
Manassas, VA) as follows. RAW 264.7 cells were cultured and maintained in
Dulbecco’s modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA) with the
addition of 10% fetal bovine serum (FBS; Invitrogen) at 37°C under a 5% CO2

atmosphere. To prepare MNV-1 stock, confluent RAW 264.7 cells were infected
with MNV-1 at a multiplicity of infection (MOI) of 20. After 1 h of incubation

at 37°C, 15 ml DMEM supplemented with 2% FBS was added. After 2 days
postinfection, the virus was harvested by freeze-thawing three times, and the
supernatant was collected after centrifugation at 5,000 � g for 20 min at 4°C.

The vesicular stomatitis virus (VSV) Indiana strain was generously provided by
Sean Whelan at Harvard Medical School (32). VSV was grown in baby hamster
kidney (BHK-21) cells (ATCC, Manassas, VA). VSV stock was prepared as
previously described (32). Briefly, confluent BHK-21 cells were infected with
VSV at a MOI of 3. After 1 h of incubation at 37°C, 15 ml of DMEM supple-
mented with 2% FBS was added. Virus was harvested after 18 h postinoculation
by centrifugation at 5,000 � g for 10 min at 4°C. The virus suspension was stored
at �80°C in aliquots.

MNV-1 and VSV plaque assay. MNV-1 plaque assay was performed with
RAW 264.7 cells as described previously (28). In brief, RAW 264.7 cells were
seeded in 6-well plates (Corning Life Sciences, Wilkes-Barre, PA) at a density of
2 � 105 cells per well. After 24 h of incubation, cells were infected with 400 �l
from a 10-fold dilution scheme of the virus. After 1 h of incubation at 37°C with
agitation every 15 min, the cells were overlaid with 2.5 ml of minimum Eagle
medium (MEM) containing 2% FBS, 1% sodium bicarbonate, 0.1 mg/ml of
kanamycin, 0.05 mg/ml of gentamicin, 15 mM HEPES (pH 7.7), 2 mM L-glu-
tamine, and 1% agarose. After incubation at 37°C for 2 days, the plates were
fixed with 10% formaldehyde, and the plaques were then visualized by staining
with crystal violet. A VSV plaque assay was performed in the same way except
that Vero cells were used in the assays and the plaques were fixed at 24 h
postinoculation (32, 35).

Inoculation of fresh produce with MNV-1. Fresh produce samples (strawber-
ries, raspberries, cabbage, and romaine lettuce) were purchased from a local
supermarket. A sample consisted of 50 g placed in a sterile plastic bag. MNV-1
stock (5.0 � 108 PFU/ml) was added to each sample to reach an inoculation level
of 3.0 � 106 PFU/g. The bag was heat sealed using an AIE-200 Impulse sealer
(American International Electric, Whittier, CA), and the samples were mixed
thoroughly by shaking them at a speed of 200 rpm at room temperature for 1 h
to allow attachment of virus to the sample.

Sanitization procedure. SDS (powder), NP-40, Triton X-100, and Tween 20
(liquid) were purchased from Sigma (St. Louis, MO), and chlorine bleach con-
taining 6% sodium hypochlorite was purchased from a local supermarket. The
MNV-1-inoculated fresh produce was sanitized by tap water, a solution contain-
ing 200 ppm of chlorine, surfactant alone, and solutions containing both surfac-
tants and chlorine. For strawberries and raspberries (50 g), the amount of
washing solution was 2 liters. For lettuce and cabbage (50g), 4 liters of washing
solution was used. Freshly prepared washing solution was used for every repli-
cation, and the washing container was cleaned and rinsed out between replica-
tions. Each sample was washed by each sanitizer with gentle agitation for 2 min.
After sanitization, the fresh produce was drained and placed into a stomacher
bag. The remaining viruses were eluted by addition of 20 ml of phosphate-
buffered saline (PBS) solution and stomached for 3 min. To neutralize any
potential residual chlorine, 100 �l of 0.25 M sodium thiosulfate was added to
each sample. The residual detergents were removed by a Detergent-OUT Micro
kit (Millipore, Billerica, MA). The viral survivors were determined by a plaque
assay.

Virucidal assay. A nonenveloped virus (MNV-1) and an enveloped virus
(VSV) were used to test whether surfactants can directly inactivate the viruses.
Nine-hundred-microliter volumes of MNV-1 (108 PFU/ml) and VSV (1010 PFU/
ml) stocks were incubated with 100 �l of each surfactant at the desired concen-
tration at either 25 or 37°C. At each time point, 50 �l of the virus sample was
collected, and the detergents were removed by a Detergent-OUT Micro kit
(Millipore). The virus survivors were determined by a plaque assay. To avoid any
cytotoxic effect that may be caused by surfactants, the inoculum solutions were
removed after 1 h of incubation before the overlay was added. For VSV inacti-
vation, only one concentration (200 ppm) of each surfactant was used. The virus
samples were collected after 1, 4, 8, 12, 24, 36, and 48 h of incubation. For
MNV-1 inactivation, four concentrations (50, 200, 1,000, and 10,000 ppm) of
each surfactant were used. The time points were 1, 4, 8, 12, 24, 36, 48, 60, and
72 h. The kinetics of viral inactivation were generated for each surfactant.

Purification of MNV-1 and VSV. To grow a large stock of MNV-1, 18 confluent
T150 flasks of RAW 267.1 cells were infected with MNV-1 at a MOI of 20 in a
volume of 3 ml of DMEM. At 1 h postadsorption, 15 ml of DMEM with 2% FBS
was added to the flasks, and infected cells were incubated at 37°C for 48 h. When
an extensive cytopathic effect (CPE) was observed, cell culture fluid was har-
vested and subjected to three freeze-thaw cycles to release virus particles. The
purification of MNV-1 was performed using the method described by Katpally et
al. (2008), with minor modifications (29). Briefly, virus suspension was centri-
fuged at 10,000 � g for 15 min to remove cellular debris. The supernatant was
digested with DNase I (10 �g/ml) and MgCl2 (5 mM) at room temperature. After
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1 h of incubation, 10 mM EDTA and 1% lauryl sarcosine were added to stop
nuclease activity. Virus was concentrated by centrifugation at 82,000 � g for 6 h
at 4°C in a Ty 50.2 rotor (Beckman). The pellet was resuspended in PBS and
further purified by centrifugation at 175,000 � g for 6 h at 4°C through a sucrose
gradient (7.5 to 45%) in an SW55 Ti rotor (Beckman). The final virus-containing
pellets were resuspended in 100 �l PBS. The virus titer was determined by a
plaque assay with RAW 264.7 cells. Viral protein was measured by Bradford
reagent (Sigma Chemical Co., St. Louis, MO).

Purification of VSV was performed by the method described in our previous
publication (32, 35). Briefly, 10 confluent T150 flask BHK-21 cells were infected
by VSV at a MOI of 0.01. At 1 h postadsorption, 15 ml of DMEM (supplemented
with 2% FBS) was added to the cultures, and infected cells were incubated at
37°C. After 24 h postinfection, cell culture fluid was harvested by centrifugation
at 3,000 � g for 5 min. Virus was concentrated by centrifugation at 40,000 � g for
90 min at 4°C in a Ty 50.2 rotor. The pellet was resuspended in NTE buffer (100
mM NaCl, 10 mM Tris, 1 mM EDTA [pH 7.4]) and further purified through 10%
sucrose NTE by centrifugation at 150,000 � g for 1 h at 4°C in an SW50.1 rotor.
The final pellet was resuspended in 0.3 ml of NTE buffer. The virus titer was
determined by a plaque assay with Vero cells, and the protein content was
measured by Bradford reagent (Sigma Chemical Co., St. Louis, MO).

Transmission electron microscopy. Negative staining electron microscopy of
purified virions was performed to determine whether chlorine and surfactants
damage the virus particles. Sixty microliters of highly purified MNV-1 and VSV
suspension was incubated with chlorine (200 ppm), SDS (200 or 10,000 ppm), or
a combination of chlorine (200 ppm) and SDS (200 ppm) at 37°C for 48 h. A viral
plaque assay was conducted to confirm the inactivation of virus. Twenty-micro-
liter aliquots of either treated or untreated samples were fixed in copper grids
(Electron Microscopy Sciences, Hatfield, PA) and negatively stained with 1%
ammonium molybdate. Virus particles were visualized by an FEI Tecnai G2
Spirit transmission electron microscope (TEM) at 80 kV at the Microscopy and
Imaging Facility at The Ohio State University. Images were captured on a
MegaView III side-mounted charge-coupled-device (CCD) camera (Soft Imag-
ing System, Lakewood, CO), and figures were processed using Adobe Photoshop
software (Adobe Systems, San Jose, CA).

Statistical analysis. All experiments were done in triplicate. The surviving
viruses were expressed as mean log viral titer � standard deviation. Statistical
analysis was done using one-way analysis of variance (ANOVA), with a P value
of �0.05 being statistically significant.

RESULTS

Enhanced removal of a human norovirus surrogate from
fresh strawberries by SDS alone or by combination of SDS
with chlorine solution. It has been well documented that tra-
ditional sanitizers such as a solution containing 200 ppm of
chlorine are relatively not effective in removal of viruses from
fresh produce (3, 4, 18, 22). Based on the fact that surfactants
can reduce the surface tension of liquids and possibly possess
virucidal activities, we hypothesized that surfactants may en-
hance the removal of virus from fresh produce. To address this
premise, we first evaluated the reduction of MNV-1 on straw-
berries using either SDS alone or a combination of SDS with a
solution containing 200 ppm of chlorine. As described in Ma-
terials and Methods, MNV-1-contaminated samples (50 g of
strawberries) were washed with either SDS solution alone or
combination of SDS with chlorine solution for 2 min at room
temperature. The amount of surviving viruses after treatment
was quantified by a plaque assay. Figure 1 (gray bars) shows
the viral survivors after each treatment. Consistent with previ-
ous observations, tap water washing only gave a 0.8-log reduc-
tion in virus titer. A solution with 200 ppm of chlorine brought
about a slight increase in virus reduction (1.0 log) in compar-
ison with tap water alone, but such increase was not statistically
significant (P � 0.05). Interestingly, the virus removal was
significantly improved upon sanitization with an SDS solution.
Moreover, the amount of reduction in MNV-1 titer gradually
increased as the concentration of SDS increased. For example,

a 3.14-log reduction in virus titer was achieved when a solution
with 50 ppm of SDS was used, indicating that 50 ppm of SDS
is significantly more efficient than tap water and a solution with
200 ppm of chlorine (P � 0.05). However, 1 and 10 ppm of
SDS gave about 1.25- and 2.60-log reductions in virus titer,
respectively. A 100-ppm concentration of SDS slightly in-
creased virus reduction (3.41 log) compared to a 50-ppm con-
centration. However, the washing efficiency (log reduction in
virus titer) of SDS did not continuously increase after its con-
centration reached 200 ppm. For example, 1,000 ppm of SDS
gave a 3.51-log reduction in virus titer, which was only slightly
higher than a 200-ppm concentration (3.12-log reduction) (P �
0.05). Overall, these results demonstrated that SDS solution
alone significantly increased the removal of virus from straw-
berries even at a very low concentration (20 to 100 ppm).

We then attempted to achieve improved virus reduction by
combining SDS and chlorine solution. With the use of an
identical washing procedure, strawberries were washed with
chlorine solution containing increasing amounts of SDS rang-
ing from 10 to 1,000 ppm. As shown in Fig. 1 (black bars), SDS
enhanced the efficiency of virus removal in a concentration-
dependent manner. While chlorine solution alone only gave a
0.96-log reduction in virus titer, a 2.94-log reduction in virus
titer was observed when a very small amount of SDS (10 ppm)
was added to the chlorine solution. Notably, a 3.36-log reduc-
tion in virus titer was achieved using a chlorine solution con-
taining 50 ppm of SDS. Similar to what was observed for SDS
solution alone, the washing efficiency was not further enhanced
by addition of SDS into chlorine solution at 200-ppm or higher
concentrations. Apparently, these observations indicate that
virus removal was significantly enhanced by combination of
SDS with chlorine solution.

We noticed that there is no significant difference in virus
reduction between SDS solution and SDS-chlorine combined
solution. For example, the combination of 50 ppm of SDS and

FIG. 1. Effect of SDS concentration on removal of MNV-1 from
strawberries. Fresh strawberries were inoculated with MNV-1 to give a
final concentration of approximately 3 �106 PFU/g. After incubation
for 1 h, the samples were sanitized with gentle agitation for 2 min in
washing solutions containing various levels of SDS alone (gray bars) or
200 ppm of sodium hypochlorite in combination with various levels of
SDS (black bars). After sanitization, the fresh produce was stomached,
and the surviving viruses were quantified by a plaque assay. Data are
the means of results from three replicates. Error bars represent 1
standard deviation.
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a solution containing 200 ppm of chlorine led to a reduction in
virus titer of 3.36 logs, which is just slightly higher than the
reduction caused by 50 ppm of SDS alone (3.14 logs). Further
comparisons of the washing efficiencies of SDS and SDS-chlo-
rine solutions showed that SDS and SDS-chlorine solutions
have comparable efficacies in removing MNV-1 from straw-
berries (data not shown). There may be a minimal amount of
chlorine and detergents remaining in fresh produce after san-
itization, which may interfere with the viral plaque assay. To
minimize this effect, the residual chlorine was neutralized by
sodium thiosulfate, and detergents were removed by a Deter-
gent-Out kit. Actually, our results showed that these residual
chlorine and detergents had a negligible effect on the viral
plaque assay (data not shown). Taken together, these results
clearly demonstrated that virus removal from strawberries is
significantly improved by using SDS alone or a combination of
SDS and chlorine solution. Under our experimental condition,
we also concluded that 50 ppm of SDS is an optimal working
concentration since it is cost-effective, highly efficient in virus
removal, and safe to consumers. To our knowledge, this is the
first report showing that a sanitizer is able to achieve a viral
reduction of more than 3 logs in fresh produce. Apparently,
SDS solution alone or the combination of SDS and chlorine
enhanced the efficiency of virus removal by over 100 times in
comparison with traditional sanitizer only (such as chlorine).

Enhanced removal of a human norovirus surrogate from
other fruits and vegetables by SDS solution or by a combina-
tion of SDS and chlorine solution. Our ultimate goal is to
develop a novel sanitizer that can be used to enhance the safety
of fruits and vegetables. Hence, after it was observed that SDS
was able to give a significantly higher virus reduction in straw-
berries, we expanded our studies to other fruits and vegetables.
We selected two leafy greens (cabbage and romaine lettuce)
and one other fruit (raspberries) since they are often contam-
inated by norovirus and the surfaces of these products are
strikingly different from that of strawberries. Like strawberries,
MNV-1-contaminated cabbage, lettuce, and raspberry samples
were washed with tap water, chlorine, SDS (50 ppm), and SDS
(50 ppm)-chlorine solutions, and the surviving viruses were
quantified by a plaque assay. Similar to our previous observa-
tion for strawberries, the tap water and 200-ppm-chlorine so-
lution only brought about 1.23- and 1.48-log reductions in virus
titer in raspberries, respectively (Fig. 2). Surprisingly, 50 ppm
of SDS alone caused a 2.63-log reduction in virus titer in
raspberries (Fig. 2), in comparison with a 3.14-log reduction in
virus titer in strawberries (Fig. 1). Moreover, a 3.05-log reduc-
tion in virus titer was achieved when SDS (50 ppm) was com-
bined with chlorine solution (Fig. 2). In cabbage, tap water and
chlorine solution gave 0.61- and 1.31-log reductions in virus
titer, respectively (Fig. 2), whereas SDS alone (50 ppm) exhib-
ited an efficiency of virus reduction virtually equivalent to that
of chlorine solution. Importantly, a 2.56-log reduction in virus
titer was obtained when SDS (50 ppm) was combined with
chlorine solution (Fig. 2). For lettuce samples, tap water and
chlorine solution only led to 0.23- and 1.12-log reductions in
virus titer, respectively (Fig. 2). In contrast, SDS alone (50
ppm) gave a 2.26-log reduction in virus titer, which is signifi-
cantly higher than that of chlorine solution (P � 0.05). In the
meanwhile, combination of SDS and chlorine further en-
hanced the virus removal (2.90-log reduction in virus titer).

Therefore, our results demonstrated that the combination of
SDS (50 ppm) and chlorine (200 ppm) brought about the
biggest reduction in virus titer, at about 3 logs, for all four
tested fruits or vegetables. In addition, while SDS solution
alone generally improved the sanitization efficiency compared
to chlorine solution, there were notable differences in virus
reduction among different types of produce. For example, SDS
alone at the concentration of 50 ppm was able to efficiently
remove the viruses from strawberries, with a 3.14-log reduction
in virus titer, whereas the corresponding virus reductions in
raspberries, cabbage, and lettuce were 2.63, 1.80, and 2.26 log,
respectively. Taken together, these results demonstrate that
the addition of SDS in chlorine solution significantly enhances
the removal of virus from fruits and vegetables in general.

Enhanced removal of viruses from fruits and vegetables by
other surfactants. Since SDS exhibited significant potential in
enhancing virus removal from fresh produce, we continued to
determine whether other surfactants retain similar potentials
in enhancing the removal of norovirus from produce. These
commonly used surfactants include NP-40, Triton X-100, and
polysorbates (such as Tween 20, Tween 65, and Tween 80).
The experimental design and sanitization procedure for each
surfactant were essentially identical to that with SDS. Four
types of MNV-1-contaminated fresh produce (strawberries,
raspberries, cabbage, and lettuce) were washed by tap water,
chlorine (200 ppm), surfactant (50 ppm), and surfactant (50
ppm)-chlorine (200 ppm) solutions for 2 min at room temper-
ature. Tap water and chlorine solutions did not give virus
reductions of more than 1 log in any tested fruit or vegetable
(Fig. 3). While NP-40 alone (50 ppm) gave more virus reduc-
tion (1.2 to 2.7 log) than tap water or chlorine solution, the
combination of NP-40 (50 ppm) and chlorine (200 ppm) was
most efficient at removing norovirus from all tested samples, as
evidenced by the fact that it gave virus reductions of about 3.0
logs for raspberries, lettuce, and cabbage and up to 3.5 logs for

FIG. 2. Enhanced removal of MNV-1 from lettuce, cabbages, and
raspberries by SDS solution or by a solution containing a combination
of SDS with chlorine. Fresh lettuce, cabbage, or raspberries were
inoculated with MNV-1 to give a final concentration of approximately
3 �106 PFU/g. After 1 h of incubation, the samples were sanitized in
washing solutions containing 50 ppm of SDS alone and also in com-
bination with 200 ppm of sodium hypochlorite. Data are the means of
results from three replicates. Error bars represent 1 standard devia-
tion.
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strawberries (Fig. 3). Similar results were observed when
Tween 20 was used for sanitization (Fig. 4), which showed that
the combination of Tween 20 and chlorine was the most effec-
tive strategy for removing viruses (reduction of approximately
3 logs). Subsequently, we also tested other polysorbates, such
as Tween 80 and Tween 65. Similar to Tween 20, both Tween
80 and Tween 65 significantly enhanced virus removal (3- to
3.6-log reduction in virus titer) from all the tested fresh pro-
duce (data not shown). Interestingly, results from Triton X-100
(as well as SDS) are somehow different. For raspberries and
cabbage, Triton X-100 (50 ppm) gave results similar to those

given by chlorine (200 ppm), but for strawberries and romaine
lettuce, Triton X-100 (50 ppm) caused almost a 1-log addi-
tional reduction compared to the chlorine solution (Fig. 5). In
any case, the combination of Triton X-100 and chlorine re-
mained the most efficient sanitizer for removing MNV-1 from
fresh produce (approximately 3-log reduction in virus titer).
Taken together, these results demonstrate that surfactants
other than SDS also significantly enhanced virus removal from
fresh produce and that the combination of a surfactant and
chlorine was the most effective sanitizer.

Viral inactivation by surfactants. Since all tested surfactants
enhanced the removal of MNV-1 from fresh produce, one may
argue that surfactants can directly inactivate the virus during
sanitization. To address this argument, we investigated the
virucidal activities of surfactants by directly adding the surfac-
tants to virus stock. Briefly, after incubation of MNV-1 with
each surfactant, virus samples were collected after certain time
points of incubation, residual detergents were removed, and
virus survivors were determined by a plaque assay. As shown in
Fig. 6, all four surfactants showed virucidal activity against
MNV-1. Viral titer gradually reduced when incubation time
increased. There was no significant difference in virus reduc-
tion among these four surfactants at the concentrations of 50
and 200 ppm (P � 0.05) (Fig. 6A and B). At 72 h of incubation
time, approximately 2.0- to 2.5-log reductions in virus titer
were observed for all four surfactants. At 1,000 ppm, SDS was
the most effective surfactant, giving the highest reduction in
MNV-1 titer after 72 h of incubation (Fig. 6C). Virucidal
activity of SDS dramatically increased when the concentration
was increased to 10,000 ppm (Fig. 6D). Interestingly, for NP-
40, Triton X-100, and Tween 20, there was no significant in-
crease in virucidal activity at 10,000 ppm compared to the
levels for the other three concentrations (50, 200, and 1,000

FIG. 3. Enhanced removal of MNV-1 from fruits and vegetables by
NP-40. Fresh produce samples were inoculated with MNV-1 to give a
final concentration of approximately 3 �106 PFU/g. After 1 h of
incubation, the samples were washed with tap water or a solution
containing 200 ppm of chlorine, 50 ppm NP-40, or 50 ppm of NP-40 in
combination with 200 ppm of sodium hypochlorite. The surviving vi-
ruses after washing were quantified by a plaque assay. Data are the
means of results from three replicates. Error bars represent 1 standard
deviation.

FIG. 4. Enhanced removal of MNV-1 from fruits and vegetables by
Tween 20. Fresh produce samples were inoculated with MNV-1 to give
a final concentration of approximately 3 �106 PFU/g. After 1 h of
incubation, the samples were washed with tap water or a solution
containing 200 ppm of chlorine, 50 ppm of Tween 20, or 50 ppm of
Tween 20 in combination with 200 ppm of sodium hypochlorite. The
surviving viruses after washing were quantified by a plaque assay. Data
are the means of results from three replicates. Error bars represent 1
standard deviation.

FIG. 5. Enhanced removal of MNV-1 from fruits and vegetables by
Triton X-100. Fresh produce samples were inoculated with MNV-1 to
give a final concentration of approximately 3 �106 PFU/g. After 1 h of
incubation, the samples were washed with tap water or a solution
containing 200 ppm of chlorine, 50 ppm of Triton X-100, or 50 ppm of
Triton X-100 in combination with 200 ppm of sodium hypochlorite.
The surviving viruses after washing were quantified by a plaque assay.
Data are the means of results from three replicates. Error bars repre-
sent 1 standard deviation.
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ppm) (P � 0.05). At 72 h of incubation time, 6.1-, 2.4-, 2.5-, and
2.6-log reductions in virus titer were observed for SDS, NP-40,
Triton X-100, and Tween 20, respectively. The kinetics of
MNV-1 inactivation by Tween 65 and Tween 80 was similar to
that for Tween 20 (data not shown). Therefore, SDS appears
to have the highest virucidal activity against MNV-1 stock in
cell culture medium at 10,000 ppm. It has been shown that 200
ppm of chlorine alone has considerable virucidal activity
against MNV-1 (14). Indeed, combination of 200 ppm of SDS
and 200 ppm of chlorine significantly enhanced the virucidal
activity against MNV-1 (data not shown).

Based on the presence or absence of an envelope, viruses
can be classified into enveloped or nonenveloped viruses. The
envelopes are typically derived from the host cell membranes
(lipids and proteins) and sometimes include viral glycopro-
teins. In order to further test the virucidal activity, we com-
pared the levels of effectiveness of four surfactants (200 ppm)
in the inactivation of VSV, an enveloped virus. We found that
VSV is much more sensitive to SDS, NP-40, and Triton X-100
than MNV-1. NP-40 appears to have the highest virucidal
activity against VSV, followed by SDS, Triton X-100, and
Tween 20. At 72 h of incubation, 10.0-, 7.5-, 6.7-, and 2.7-log
reductions in virus titer were observed with NP-40, SDS, Triton
X-100, and Tween 20, respectively. Therefore, these results
demonstrated that enveloped virus (VSV) is much more sen-
sitive to all surfactants than nonenveloped virus (MNV-1). In

addition, SDS is effective in inactivating both MNV-1 and VSV
compared to other tested surfactants. For example, 10,000
ppm of SDS dramatically increased virucidal activity against
MNV-1 and almost completely inactivated the MNV-1 after
72 h of incubation. For VSV, 200 ppm of SDS gave 7.5-log
reductions in virus titer after 72 h of incubation.

Surfactants damage virus particles. To determine how vi-
ruses were inactivated by the surfactants, SDS was added to a
purified virus stock to give a final concentration of 10,000 ppm,
allowed to incubate at 37°C for 72 h, and then negatively
stained with ammonium molybdate. As controls, viruses were
also incubated with 200 ppm of chlorine and a combination of
200 ppm of chlorine and SDS. Viruses were completely inac-
tivated at this condition, as confirmed a by a plaque assay. The
virus particles were visualized by electron microscopy as de-
scribed previously (33). Figure 7 shows the virus particles in the
presence and absence of SDS. MNV-1 is a small round-struc-
tured virus of about 30 to 38 nm in diameter (Fig. 7A). After
incubation with SDS for 72 h, it can be observed that the outer
capsid of the MNV-1 was severely damaged and aggregated
(Fig. 7B). The shape of MNV-1 was also altered and was no
longer completely circular (Fig. 7B). The virions appeared
smaller than 30 nm. We could not find any intact virus particles
in samples treated by chlorine (Fig. 7C) or the combination of
chlorine and SDS (Fig. 7D). This suggests that the integrity of
the viral capsid was completely disrupted by chlorine. For

FIG. 6. Inactivation of MNV-1 by surfactants. MNV-1 stock was inoculated with each surfactant (SDS, NP-40, Triton X-100, or Tween 20) and
was incubated at 37°C for 72 h. At each time point, 50 �l of virus sample was collected, and detergents were removed by a Detergent-OUT Micro
kit. Virus survivors were determined by a plaque assay. Data are the means of results from three replicates. (A) 50 ppm; (B) 200 ppm; (C) 1,000
ppm; and (D) 10,000 ppm.
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VSV, the viral envelope was damaged and the shape was se-
verely distorted by SDS (data not shown). Furthermore, some
VSVs were completely disrupted, and genetic materials were
spilled out from the particles (data not shown). Therefore,
these results indicate that SDS is able to cause significant
damages to viral structures of both enveloped and nonenvel-
oped viruses. Similar observations were obtained for other
surfactants, NP-40, Triton X-100, Tween 20, Tween 65, and
Tween 80 (data not shown).

DISCUSSION

Fresh fruits and vegetables are foods at high risk for noro-
virus contamination. Currently, no effective methods have
been established in reducing virus contaminants in fresh pro-
duce. To improve sanitization, we investigated the ability of
surfactants to remove a human norovirus surrogate, MNV-1,
from a number of fruits and vegetables. We found that virus
removal was significantly enhanced by addition of surfactants.
We also investigated the virucidal activity of the surfactants
when added directly to virus stock in cell culture medium. We
found that surfactants had virucidal activity against both en-
veloped and nonenveloped viruses. Furthermore, we demon-
strated that surfactants disrupted viral particles, which resulted
in virus inactivation. Our results indicate that surfactants may
be a novel and feasible sanitizer for removing viral contami-
nants from fresh produce, thus reducing the number of pro-
duce-related food-borne viral outbreaks.

Surfactants enhance virus removal from fresh produce: fac-
tors affecting viral removal. It has been a challenge to remove
viruses from fresh produce. Food-borne viruses such as human
norovirus are nonenveloped RNA viruses, and their lack of
envelope makes them very resistant to agents such as acids, pH
changes, environmental stresses, and disinfectants. The typical
washing solution used in food industry currently is sodium
hypochlorite, but this usually gives only 1 log of virus reduction
(3, 4, 18, 22, 44). Surfactants such as SDS, polysorbates, Triton
X-100, and NP-40 can reduce the surface tension of water by
adsorbing at the liquid-gas or liquid-liquid interface and thus
can potentially enhance the removal of viruses from fresh
produce. Another alternative is that the surfactants are able to
directly denature the virus, resulting in inactivation during
sanitization. In the present study, we tested surfactants alone
and then in combination with a solution containing 200 ppm of
sodium hypochlorite. In all cases, the combination of a tested
surfactant and the sanitizer was the most effective way to re-
move MNV-1 from fresh produce. Also, SDS was the most
effective surfactant used, followed by NP-40, Triton X-100, and
Tween 20. With the combination of SDS and the chlorine
solution, �3-log reductions in virus titer were achieved in all
fresh produce samples. Surfactants could be a novel method
for enhancing virus removal from fresh produce when com-
bined with a chlorine sanitizer.

There are many factors that can influence the efficiency of
virus removal, including choice of a sanitizer, concentration
used, washing or contact time, and the nature of the food the
virus has attached to. Clearly, the concentration of surfactants
plays an important role in virus removal. We found that as the
concentration of surfactants increased, the amount of log re-
duction increased. However, once the concentration of surfac-
tants was over 50 ppm, the virus reduction did not significantly
increase. Hence, we decided to use 50 ppm as the primary
concentration for all the experiments. While the use of more
surfactant led to slightly more reduction in viral titer, it was not
enough to outweigh the fact that it would be less cost-effective
and potentially cause more health concerns for consumers. A
50-ppm concentration of a surfactant still brought about a
significant increase in virus reduction compared to either tap
water or chlorine water alone and was most effective in com-
bination with 200 ppm of chlorine.

As for washing contact time and the type of food the virus is
attached to, we only tested one time point (2 min) and four
types of fresh produce. We expect that there would be a
greater log reduction in virus titer if the length of contact time
increases. We also expect there should be changes in the
amount of reduction when the amount of wash solution is
dramatically scaled up as in industry, or if the produce is
agitated more aggressively than gently agitating by hand as we
did in our study. Foods such as strawberries and raspberries
typically showed more reduction than foods such as cabbage
and lettuce. This is most likely attributed to the larger surface
area that the virus can attach to in the case of cabbage and
lettuce. The texture of a strawberry is also much different from
that of a piece of lettuce, which may also have an effect on virus
attachment and removal ability. In addition, there are many
structures in leafy greens such as wrinkles, which may provide
shielding effect and thus increase removal difficulty. It has been
found that bacterial pathogens become internalized in leafy

FIG. 7. SDS damages virus particles. Purified MNV-1 was incu-
bated with SDS (10,000 ppm), chlorine (200 ppm), or combination of
chlorine (200 ppm) and SDS (200 ppm). Complete virus inactivation
was confirmed by a plaque assay. The samples were fixed in copper
grids and negatively stained with 1% ammonium molybdate. Virus
particles were visualized by transmission electron microscopy. (A) Un-
treated MNV-1; (B) MNV-1 treated by SDS; (C) MNV-1 treated by
chlorine; (D) MNV-1 treated by chlorine and SDS.
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greens via stomata where CO2 and O2 exchange occurs (18,
33). Recent evidence has suggested that viral pathogens can
also be internalized, although it is unknown whether the inter-
nalization occurs at the stomata (41, 49, 52). Thus, we cannot
exclude the possibility that some viruses already became inter-
nalized because we mixed MNV-1 with leafy greens (lettuce
and cabbage) for 1 h prior to sanitization. Presumably, fewer
viruses can be removed if virus internalization occurs in leafy
greens.

Virucidal activity of surfactants. It is well known that sur-
factants can interact with viral proteins (6, 23, 26, 30, 31). This
interaction can influence protein folding/refolding, denatur-
ation, and aggregation. The virucidal activity of surfactants for
sexually transmitted viruses has been widely reported. For ex-
ample, Howett et al. (1998) found that SDS had virucidal
activity against papillomaviruses, herpes simplex virus 2 (HSV-
2), and human immunodeficiency virus type 1 (HIV-1) (26).
Urdaneta and coauthors (2009) found that HIV-1 could be
inactivated by SDS in breast milk to avoid transfer of the virus
to infants when formula feeding is not practicable (50). More-
over, SDS has been used to prevent the transmission of HIV
during sexual intercourse (25). In addition, Song and others
(2010) reported that SDS, NP-40, and Triton X-100 were able
to reduce the infectivity of hepatitis C virus (46), whereas it has
been reported that Triton X-100 was able to partially denature
the coat protein of tobacco mosaic virus (TMV) and then
induce aggregation of this coat protein (38). However, the
effectiveness of surfactants inactivating food-borne viruses is
less understood. In this study, we found that all four surfactants
were able to inactivate a human norovirus surrogate in a con-
centration-dependent manner. SDS appears to be the most
effective surfactant against MNV-1. Incubation of MNV-1 with
a solution containing 200 ppm of SDS at 37°C for 4 h resulted
in a 3-log reduction in virus titer. VSV, an enveloped virus, is
much more sensitive to surfactants than MNV-1, as evidenced
by a 5-log reduction of VSV upon incubation with 200 ppm of
SDS at 37°C for 4 h. In our study, we found that the capsid
protein of MNV-1 became aggregated after incubation with
SDS and that the structure of MNV-1 capsid was severely
altered. SDS also disrupted the envelope of VSV and distorted
the shape of virions. Taken together, these results suggest that
SDS as well as other surfactants can be useful in the inactiva-
tion of many viruses, both enveloped and nonenveloped.

Surfactants are a novel intervention for enhancement of the
safety of fresh produce. In this study, we were able to show that
surfactants are effective in enhancing the removal of a human
norovirus surrogate from various types of fresh produce. On
one hand, SDS, the most effective surfactant against MNV-1,
appears in many daily used products, such as dish soaps, tooth-
pastes, and shampoos, and is an FDA-approved food additive
(FDA, 21 CFR 172.822). Shampoos and soaps contain dodecyl
sulfate derivatives (sodium or ammonium dodecyl sulfate) at
concentrations exceeding 10%. Toothpaste that is routinely
used in the oral cavity also has very high concentrations (5 to
8%) of SDS and its derivatives. In foods, SDS is approved for
use at concentrations of 25 to 1,000 ppm, depending on the
type of products (FDA, 21 CFR 172.822). On the other hand,
all of the polysorbates similar in structure to Tween 20 either
have GRAS status or are FDA approved food additives as well
(FDA, 21 CFR 172.840, 172.836, and 172.838). For example,

Tween 80 has been used as an emulsifier in ice cream and
custard products, as a dispersing agent in pickle products and
gelatin products, as an emulsifier in shortenings and whipped
toppings, and as a defoaming agent in the production of cot-
tage cheese (FDA 21 CFR 172.840). Tween 80 is typically used
at levels not exceeding 0.1% of the finished product (FDA, 21
CFR 172.840). In addition, even though Triton X-100 and
NP-40 are not currently FDA approved, they are similar in
function to SDS and Tween 20. Hence, they may be feasible
alternatives in the future once more research is conducted on
their safety.

Figure 8 represents the flow chart of current practice for
processing of leafy greens (such as lettuce) in the fresh produce
industry. After being harvested from the field, the lettuce is
usually subjected to a spray of chlorinated water. To keep
fresh, the produce is then transported for vacuum cooling.
After the cooling step, the produce continues to be transported
to processing plants for cutting, washing by chlorinated water,
and packaging, followed by retail distribution. Other produce,
such as berries and fruits, may not exactly follow the flow chart
shown in Fig. 8. However, these foods are usually washed
before or after retail for human consumption. In the chain of
this processing event, the use of surfactants could be especially
applied during the sanitization step by simply adding a 50-ppm
solution of SDS, for example, to the chlorine solution already
used currently. Such strategy would yield more virus reduction
than what the industry is currently achieving and would not
represent much of a change for food-processing companies. To
avoid cross contamination, we used fresh washing solution for
each sanitization. In industry, the washing solution may be
frequently reused. Indeed, we found that viruses were inacti-
vated in chlorine solution or chlorine plus SDS (data not
shown). One alternative could be to spray a solution containing
surfactants on the fresh produce before the produce is trans-
ported to vacuum cooling. Consequently, this spray solution
would help with any contamination acquired during preharvest
or harvesting, and then the sanitization step with chlorine
would be another hurdle for harmful microorganisms. Of note,

FIG. 8. Potential application of surfactants in minimizing virus con-
tamination in fresh produce. The square boxes show the supply chain
flow for leafy greens (such as lettuce) in the fresh produce industry.
Proposed interventions for minimizing the virus contamination are
shown as ovals.
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a spray solution containing both SDS and chlorine would likely
enhance the virucidal activity. Another possible way to use
surfactants for enhancing safety would be to coat packages of
produce with SDS before they are sent to the stores for con-
sumers to purchase. Since it is known that viruses can survive
in foods with high stability for many days to weeks, SDS could
kill the viruses on the produce while the produce is stored.
Evidently, this approach would only work for types of produce
that are packaged instead of free, unpackaged types of pro-
duce, but it is still another hurdle technology that could be
used in the future. Any or all of these applications could be
implemented in the food industry to further enhance the safety
of fresh produce and hopefully reduce the incidences of pro-
duce-associated outbreaks of norovirus and other types of
food-borne viruses or bacteria as well. Further research is
needed in this area, but with more studies done on food-borne
viruses, this problem can be combated.

Since human norovirus is noncultivable, we are unable to
directly address the removal of this biodefense agent from
fresh produce. Indeed, most of our understanding of the sur-
vival and biology of human norovirus comes from the studies of
proper cultivable surrogates such as MNV-1, feline calicivirus
(FCV), and canine calicivirus (CaCV) (11, 14, 15, 48, 53). In
fact, MNV-1 appears to be the most suitable surrogate because
of its stability and genetic relatedness to human norovirus (11,
53). Although it is possible that a different virus may have a
different affinity for binding to fresh produce, it is reasonable
to propose that the removal of any pathogens from a surface
should be increased due to the fact that surfactants can reduce
the surface tension. Apparently, this concept has been used in
routine products such as soap and toothpaste. Therefore, our
study highlights a new notion that combining surfactants and
sanitizers may function more efficiently in virus removal from
fresh produce. Ongoing studies in our laboratory are for eval-
uation of other types of commonly used surfactants, such as
cationic or zwitterionic detergents or combination of surfac-
tants and organic acids, in removing virus particles in fresh
produce.

In conclusion, we found that surfactants can significantly
enhance the removal of virus contaminant from fresh produce.
To our knowledge, this is the first report of a novel sanitization
approach that resulted in a 3-log reduction in virus titer in
fresh produce. Implementation of this novel strategy would
likely reduce the virus load in fresh produce and improve the
safety of fresh produce.
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